Abstract. MicroRNAs (miRNAs) represent a class of small non-coding RNAs regulating gene expression by inducing RNA degradation or interfering with translation. Aberrant miRNA expression has been described for several human malignancies. Herein, we show that miR-145 is down-regulated in human cancer cell line MCF-7 when compared to normal human mammary epithelial cell line MCF10A. Overexpression of miR-145 by plasmid inhibits MCF-7 cell growth and induces apoptosis. Subsequently, RTKN is identified as a potential miR-145 target by bioinformatics. Using reporter constructs, we show that the RTKN 3' untranslated region (3'UTR) carries the directly binding site of miR-145. Additionally, overexpression of miR-145 in MCF-7 reduces RTKN protein expression as well as mRNA level. Furthermore, downregulation of RTKN by siRNA can inhibit MCF-7 cell growth. Taken together, we propose that loss of miR-145 may provide a selective growth advantage for MCF-7 by targeting RTKN.
Introduction
MicroRNAs are small, non-coding RNAs that regulate gene expression by targeting the 3' untranslated region (3'UTR) of mRNAs, inducing RNA degradation or interfering with translation (1) . This class of regulatory transcripts has diverse functions, including the regulation of cellular differentiation, proliferation, and apoptosis (2) . Hence, deregulation of miRNA expression may lead to a variety of disorders, including human cancer. Emerging evidence indicates that many microRNAs are deregulated in human malignancies and it has been proposed that some microRNAs may have oncogenic or tumor suppressor functions (3) . Accordingly, both inactivation and overexpression of specific microRNAs have been described in a number of cancer types (4) (5) (6) . For instance, miR-15a and miR-16 are down-regulated by hemizygous or homozygous deletion or other unknown mechanisms in 68% of CLLs (7) and miR-17-92 cluster is markedly overexpressed in B-cell lymphomas (8) . Also in a large-scale analysis of 540 tumor samples from lung, breast, stomach, prostate, colon, and pancreatic tumors, a so-called solid cancer microRNA signature was identified (9) . However, although miRNAs have been the subject of extensive research in recent years, the molecular basis of miRNA-mediated gene regulation and the effect of these genes on tumor growth remain largely unknown because of our limited understanding of miRNA target genes.
Breast cancer is the second leading cause of cancer related deaths among women in the US (10) . Recently, some miRNAs have been reported to be associated with the initiation and progression of breast cancer (11, 12) . In this study, we found that miR-145 was down-regulated in human breast tumor cell line MCF7. Importantly, overexpression of miR-145 suppressed MCF-7 cell growth and induced apoptosis in vitro. In MCF-7 cells, we confirmed that RTKN was a target of miR-145. RTKN (Rhotekin) was initially isolated as a scaffold protein interacting with GTP bound form of Rho (13) . It links the Rho signal to nuclear factor-κB (NF-κB) activation, leading to increased cell survival by transactivating antiapoptotic genes downstream of NF-κB (14) . We found that miR-145 was able to modulate RTKN expression by directly targeting the binding site within the 3'UTR. Elevated levels of miR-145 repressed the cellular mRNA and protein levels of RTKN. Furthermore, down-regulation of RTKN by siRNA can inhibit MCF-7 cell growth. Taken together, we found that miR-145 could inhibit MCF-7 cell growth by targeting RTKN.
Materials and methods
Cell culture and transfection. Human breast cancer MCF-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco Life Technologies) containing 10% heatinactivated fetal bovine serum (FBS, Gibco Life Technologies), 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified incubator of 5% CO 2 at 37˚C. Transfection of MCF-7 cells was performed with Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. siRNA (sense, 5'-AGC AUC AGU AAC CAG UAU GTT-3'; and antisense, 5'-CAU ACU GGU UAC UGA UGC UTT-3') that target RTKN was synthesized by Sigma. Transfections were performed in triplicate for each treatment.
Semi-quantitative RT-PCR.
For the detection of protein-coding genes, 1 μg of total RNA extracted from cells was reverse transcribed to cDNA primed by oligo(dT) using M-MLV reverse transcriptase (Promega). The cDNA was used for the amplification of RTKN genes and an endogenous control gene GAPDH through reaction. PCR primers were: RTKN sense, 5'-AAAGGTGCTGGCATAGGATCTGC-3'; and RTKN antisense, 5'-TGGTTGATGTGGGAGTCACAA-3'. GAPDH sense, 5'-GAAGGTGAAGGTCGGAGTC-3'; and GAPDH antisense, 5'-GAAGATGGTGATGGGATTTC-3'. PCR cycles were as follows: initial denaturation at 95˚C for 5 min, followed by 35 cycles of 94˚C for 1 min, 59˚C for 1 min, 72˚C for 1 min, and final extension at 72˚C for 10 min. The PCR products were resolved on 1% agarose gel.
For the detection of mature miRNAs, 1 μg RNA extracted from cells was reverse transcribed to cDNA using M-MLV reverse transcriptase (Promega) and the primers were: miR-145-RT, 5'-CTCAACTGGTGTCGTGGAGTCGGCAATTC AGTTGAGAGGGATTC-3' and U6-RT, 5'-GTCGTATCCA GTGCAGGGTCCGAGGTATTCGCACTGGATACGACA AAATATGGAAC-3', which can fold to a stem-loop structure. The cDNA was used for the amplification of mature miR-145 and an endogenous control U6, respectively, through PCR reaction. PCR primers were: miR145-Fwd, 5'-ACACTCCA GCTGGGCAGGTCAAAAGGGTCC-3' and U6-Fwd, 5'-TGCGGGTGCTCGCTTCGGCAGC-3', which could ensure the specificity of the PCR products and reverse 5'-GGT GTCGTGGAGTCG-3', which was universal. PCR cycles were as follows: initial denaturation at 95˚C for 5 min, followed by 30 cycles of 94˚C for 0.5 min, 56˚C for 1 min, 72˚C for 0.5 min, and final extension at 72˚C for 10 min. The PCR products were resolved on 2% agarose gel.
TaqMan real-time PCR.
The expression level of miR-145 was quantified by TaqMan microRNA real-time assay, which was performed by using the Applied Biosystems 7500 Sequence Detection System (Applied Biosystems). The expression of miRNA was defined from the threshold cycle (C t ), and relative expression levels were calculated after normalization with reference to expression of U6 small nuclear RNA.
Cell growth assay. After transfection with vector control or miR-145-expressing plasmid, the cells were seeded into 96-well plates at 2000 cell/well. The cck-8 assay was used to determine relative cell growth according to the manufacturer's instructions. Data shown are representative of three independent experiments.
Luciferase activity assay. Dual luciferase vector pRL-TK and pGL3 were purchased from Promega. An oligonucleotide duplex containing the predicted binding site of miR-145 present in the 3'UTR of RTKN or mutant sequence was inserted after the luciferase gene of pRL-TK control vector. The oligonucleotide sequences used were as follows: RTKNwild-type sense, 5'-CTAGACTCGCTGGGACCTCCCTAA ACCCTTCCTGGAAGAAAACTGGAACCAACTCTGCCC TACCTCCCTGGC-3'; antisense, 5'-GGCCGCCAGGGAGG TAGGGCAGAGTTGGTTCCAGTTTTCTTCCAGGAA GGGTTTAGGGAGGTCCCAGCGAGT-3'. Mutant sense, 5'-CTAGACTCGCTGGGACCTCCCTAGGAAAGGTTTC CGAGATTACTTTGGCCAACTCTGCCCTACCTCCCTG GC-3'; antisense, 5'-GGCCGCCAGGGAGGTAGGGCAGA GTTGGCCAAAGTAATCTCGGAAACCTTTCCTAGGGA GGTCCCAGCGAGT-3'. The plasmids were cotransfected with miR-145-expressing plasmid into MCF-7 cells. Luciferase activity was measured 24 h after transfection with the Promega Luciferase assay.
Western blot analysis. Forty-eight hours after transfection, MCF-7 cells were lyzed with RIPA lysis buffer and proteins were harvested. Proteins were resolved on an SDS denatured polyacrylamide gel and then transferred onto a nitrocellulose membrane. Antibody to RTKN (Abcam) and antibody to ß-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were incubated with the blot overnight at 4˚C. Membranes were washed and incubated with respective secondary antibodies and were visualized by enhanced chemiluminescence (Millipore) according to the manufacturer's instructions. Shown are representative data from individual experiments that were repeated at least twice.
FACS analysis. Briefly, 5x10
5 of cells were harvested after transfection at indicated time. Cells were fixed overnight with 75% cold ethanol, washed twice with cold PBS, and then incubated in PBS buffer containing 50 μg/ml propidium iodide (PI) and 20 μg/ml RNase A for 30 min at 37˚C. PI and forward light scattering were detected using a flow cytometer of the type FACSCalibur (Beckton-Dickinson USA) equipped with the ModFit LT software package.
Statistical analysis. Data are represented as means ± SD of three independent experiments, each performed in triplicate. Statistical significance between treatment and control groups was analyzed using the Student's t-test. P<0.05 was regarded as significant.
Results

Down-regulation of miR-145 in MCF-7 cells.
Previous studies have demonstrated a significant down-regulation of miR-145 in several types of cancer, using stem-loop semi-quantitative RT-PCR assay as described (15), we found that MCF-7 cells express a significantly lower level of endogenous miR-145 than MCF10A, a normal human mammary epithelial cell line (Fig. 1A) . miR-145 is derived from genomic sequences within 4.09 kb on chromosome 5 (5q32-33) (http://microrna.sanger. ac.uk/sequences). The locus of miR-145 coding gene is adjacent to 5q31.1. Since 5q31.1 is a well-known fragile site in human genome (http://www.genenames.org/) and in 11% of sporadic breast cancers, 5q12-31 is deleted (16) , it may contribute to the low expression of miR-145 found in MCF-7 cells. However this needs further exploration.
The silencing of miR-145 prompted us to investigate whether miR-145 functions as a tumor suppressor. To address this question, we changed the functional level of miR-145 in MCF-7. We first constructed sense and antisense miR-145 sequences into a miRNA-like siRNA vector (17) . This cloning step generated miR-145 expressing vectors that express mature sequences of miR-145. We use miR-145-expressing vector (2.0 μg) in a 6-well plate. Twenty-four hours after transfection, the expression of a co-expressed fluorescent marker GFP was monitored using fluorescent microscope. miR-145 expression level was determined by TaqMan realtime PCR. As expected, the expression level of miR-145 was elevated by transfection of miR-145 expressing plasmid (Fig. 1B) .
miR-145 inhibits MCF-7 cell growth and induces apoptosis in vitro.
To investigate the functional significance of the overexpression of miR-145 in MCF-7, we performed CCK-8 assays in MCF-7 cells 24, 48 and 72 h after miR-145 transfection. As demonstrated in Fig. 2A , overexpression of miR-145 obviously impaired the cell growth. At the concentration of 2 μg miR-145-expressing plasmids, the inhibition rate at 24, 48 and 72 h after transfection was 26.4, 47.2, 31.9%, respectively, compared to the vector control groups. This result was also in agreement with the previous reports that miR-145 could inhibit the growth of HeLa cell (18) and colon carcinoma cell line (19) . Thereby suggesting that downregulation of miR-145 may be, at least in part, involved in human cancer development. However, this suppressive effect on the cell growth was not caused by cell cycle arrest since there is no statistical difference between MCF-7 cells transfected with miR-145-expressing plasmid and control cells (data not shown). Western blot analysis for apoptosis-specific marker caspase-7 was then performed to examine whether apoptosis was induced by miR-145 overexpression. Significant induction of caspase-7 was indeed observed (Fig. 2B) , and it was further confirmed by fluorescence activated cell sorter analysis, showing 19.4% of sub-G1 apoptotic population 48 h after transfection of miR-145-expressing plasmid, whereas transfection of cells with the control plasmid only had about 3-4% of cells in sub-G1 fraction (Fig. 2C) .
RTKN is a target of miR-145.
To understand the mechanisms by which miR-145 suppresses MCF-7 cell growth and induces apoptosis, we used several computational methods to help identify miR-145 targets in humans. Among the ~100 targets predicted by both the TargetScan (20) and PicTar (21) search programs, RTKN was of particular interest, because it has been found to be overexpressed in many cancer-derived cell lines (22) . More importantly, inhibition of RTKN sensitized cells to apoptotic stimuli (14) . The prediction results are listed in Fig. 3A . The free energy of miR-145 binding to the RTKN targeting site was calculated using PicTar (mfe: -34.5 kcal/ mol), and the predicted structure is shown in Fig. 3B . To validate that the 3'UTR of RTKN is a direct target of miR-145, a 72-bp fragment within the 3'UTR that contains the putative miR-145 binding site was cloned into PRL-TK reporter vector, downstream of the luciferase gene. A control reporter vector was also developed in which the seed region of the miR-145 binding site was mutated. Co-transfection of MCF-7 cells with a wild-type RTKN-3'UTR (RTKN-wt) reporter and the miR-145-overexpressing plasmid resulted in a significant decrease in luminescence, whereas mutation of the RTKN miR-145 seed region (RTKN-mu) rendered the reporter construct insensitive to inhibition by miR-145 (Fig. 3C) . Therefore, miR-145 is a direct inhibitor of RTKN. miRNAs exert their effects by targeting the 3'UTR of the protein coding genes and thus induce translational repression and/or mRNA degradation (23) . To assess whether miR-145 had a functional role in the down-regulation of endogenous RTKN expression, MCF-7 cells were transfected with miR-145 overexpressing plasmid. The effect of the transfection on the expression of 145 was monitored and validated by stem-loop semi-quantitative RT-PCR assay (Fig. 3D) . By Western blot analysis, RTKN protein was down-regulated 48 h after transfection while there was no effect for the control transfection (Fig. 3D) . On the other hand, the mRNA expression levels of RTKN were reduced slightly, when compared to the vectoronly control (Fig. 3D) . Thus, miR-145 regulates RTKN protein expression and mRNA in MCF-7 cells. Taken together, we speculate that RTKN is a target of miR-145.
Elimination of RTKN expression by siRNA inhibits MCF-7 cell growth. We next ascertained whether reduction of RTKN levels might provide an explanation for the inhibition of cell growth observed following miR-145 overexpression. Small interfering RNA (siRNA) designed to target at RTKN was employed. Transfection of RTKN siRNA caused a 90% reduction in RTKN protein and mRNA level (Fig. 4A) . We investigated a 18.6% cell growth inhibition 48h after siRNA transfection (Fig. 4B) . Hence, we conclude that RTKN is a functional target of miR-145. However, the effect of miR-145 overexpression on cell growth inhibition (47.2%) is more significant than that of RTKN knockdown by RNAi. This may suggest that miR-145 targets other genes to exert its effect.
Discussion
Over the past five years, an ever-growing number of articles have been published describing a link between several forms of human cancer and the expression of microRNAs (9, (24) (25) (26) . Deregulation (e.g., overexpression or loss of expression) of these so-called 'cancerous' miRNAs is associated with tumor initiation and progression (27) . However, how these miRNA molecules contribute to the pathogenesis of cancer remains largely unknown. A detailed study on the biological functions of these miRNAs is therefore urgently desirable. Recently, some cancerous miRNAs have been characterized, such as let-7 (28,29), miR-21 (5,30) and miR-34 family (31) (32) (33) .
Down-regulation of miR-145 also has been found in several cancers, including colorectal cancer (34), B-cell lymphoma (35) , cervical cancer (36, 37) , hepatocellular carcinoma (38) , ovarian cancer (39) and breast cancer (11, 12) . Kent and Mendell (40) , in their review, list miR-145 as a tumor suppressor miRNA. Here, we found that miR-145 is downregulated in human cancer cell line MCF-7. Overexpression of miR-145 by plasmid inhibits MCF-7 cell growth and induces apoptosis. In none of these reported cases, however, were the targeted genes identified. Since the impact of cancerous miRNAs on cancer biology depends on the functions of the downstream targets they suppress, we need to uncover the targets of each miRNA. According to miRBase (December 2006), miR-145 has 1093 predicted targets in human and 890 in mouse. Up to date, the only validated miR-145 target is insulin receptor substrate-1 (IRS-1) (41) . In this study, we identified RTKN as another target of miR-145. RTKN, the gene coding for the Rho effector, was shown to be expressed at a low level in normal cells and is overexpressed in many cancer-derived cell lines (14) . RTKN overexpression conferred cell resistance to apoptosis induced by serum deprivation or treatment with sodium butyrate, and the increased resistance correlated to the level of RTKN. Conversely, reducing RTKN expression by small interfering RNAs greatly sensitized cells to apoptosis. RTKN may play a key role in tumorigenesis by conferring cells resistance to apoptosis (14) . We found ectopic expression of miR-145 in MCF7 cells reduces RTKN protein and mRNA level. However, the effect of miR-145 overexpression on cell growth inhibition is more significant than that of RTKN knockdown by RNAi. This may suggest that miR-145 targets other genes to exert its effect. Additional studies are now needed for the identification and characterization of all miR-145 targets to gain a better comprehension of its function. 
